In our preceding papers, 1 we reported various phosphoryl and thiophosphoryl transfer reactions. Continuing our studies on thiophosphoryl transfer reactions, we have carried out kinetic studies of the reactions of Y-S-aryl phenyl phosphonochloridothioates (1) with X-anilines in acetonitrile at 55.0 ºC to clarify the anilinolysis mechanism and stereochemistry by comparing the reactivity, the sign of the crossinteraction constants, 2 the steric effects, and finally the deuterium kinetic isotope effects (KIEs) with those obtained in the previous work.
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( 1) The pseudo-first-order rate constants observed (k obsd ) for all reactions obeyed eq. (2) with negligible k 0 (≈ 0) in acetonitrile. The clean second-order rate constants, k H(D) , were obtained as the slope of the plot of k obsd against aniline concentration.
The second-order rate constants (k H ) for the reactions of 1 with X-anilines in acetonitrile at 55.0 °C are summarized in Table 1 together with selectivity parameters, ρ X , β X , ρ Y , and ρ XY . The rate increases with a more electron-withdrawing substituent Y in the substrate and with a more electrondonating substituent X in the nucleophile which is consistent with a typical nucleophilic substitution reaction with negative charge development at the reaction center P in the transition state (TS). Figure 1 shows the plot of ρ X vs σ Y and ρ Y vs σ X (eqs. 3) for the anilinolysis of 1 with good linearities. The negative ρ XY (= −0.31) value implies the rate-limiting nucleophilic bond formation.
2 A more electron-withdrawing substituent (∂σ Y > 0) in the substrate leads to a greater degree of bond formation (∂ρ X < 0 or |∂ρ X | > 0), resulting in ρ XY = ∂ρ X /∂σ Y < 0. A stronger nucleophile (∂σ X < 0) leads to greater negative charge development at the reaction center (∂ρ Y > 0) because of greater bond formation, resulting in ρ XY = ∂ρ Y / ∂σ X < 0. The negative sign of ρ XY is in agreement with the concerted mechanism, 2 as observed in the anilinolysis of aryl phenyl chlorothiophosphates (ρ XY = −0.22) 1c and aryl ethyl chlorothiophosphates (ρ XY = −0.28).
The KIEs with deuterated anilines in the present work are summarized in Table 2 . The obtained primary normal KIEs (k H /k D = 1.15-1.59 > 1) indicate that partial deprotonation of the aniline nucleophile occurs in the rate-limiting step by hydrogen bonding. A concerted mechanism involving a partial frontside nucleophilic attack through a hydrogenbonded, four-center-type TS I accompanied by a backside nucleophilic attack with a trigonal bipyramidal pentacoordinate (TBP-5C) TS II is proposed in the present work, for The observed primary normal KIEs may be proportional to the degree of hydrogen bond formation. Greater deprotonation would occur with greater bond formation, that is, the stronger nucleophile (∂σ X < 0) leads to a greater hydrogen bond formation (∂ρ Y > 0), resulting in ρ XY = ∂ρ Y /∂σ X < 0. This deduction is consistent with the obtained sequence of Table 2 would be the sum of (i) the primary normal KIE, k H /k D >1, because of the partial deprotonation of one of the two N-H(D) bonds in the TS I for a frontside attack, (ii) the secondary inverse KIE, k H /k D < 1, because of the steric hindrance that increases the out-of-plane bending vibrational frequencies of the other N-H(D) bond in TS I for a frontside attack, (iii) the secondary inverse KIE, k H /k D < 1, because of the steric congestion that increases the vibrational frequencies of both of the N-H(D) bonds in TS II for a back-side attack.
5 Thus, the real primary KIE due to the hydrogen bond between the hydrogen of the N-H(D) moiety and the Cl leaving group should be greater than the observed value.
As shown in Figure 2 , the natural bond order (NBO) charges, using the B3LYP/6-311+G(d,p) level, 7 on the reaction center P are 0.999 (for 1), 1.661 (for 2), 1c and 1.236 (for 3).
1e Solely considering the NBO charge on the reaction center, the reactivities of the substrates should increase in the following order: 1 < 3 < 2. However, the sequence of the second-order rate constants, 2 < 1 < 3, is not consistent with the expectations for the NBO charge on the reaction center P. The anilinolysis rate of 1 is 1.7 times faster than that of 2. The rate of 3 is 6.0 times faster than that of 2 and the rate of 3 is 3.4 times faster than that of 1. The rate increases upon replacing a larger ligand (PhO or PhS) into a smaller ligand (Ph), suggesting that the steric effects play an important role to determine the reactivities of P=S systems.
The second-order rate constants, relative rate ratios, NBO charges on P reaction centers, KIEs (k H /k D ), Brönsted β X values, and cross-interaction constant ρ XY values for the anilinolysis of 1-6 in acetonitrile at 55.0 o C are summarized in Table 3 . Relatively large Brönsted β X (β nuc = 0.9-1.4) values of the anilinolysis of the studied reaction systems (1-6) suggest extensive bond formation in the TS. These values are considerably larger than those of other nucleophilic substitution reactions of P=O and P=S systems in which the reactions proceed by a concerted mechanism. The large β X values seem to be characteristic of the anilinolysis of P=O and P=S systems with the Cl leaving group.
1d,f When we compare the reactivities of the thiophosphates [(R 1 'O)-(R 2 'O)P(S)Cl], the NBO charges of P reaction centers do not explain the obtained rate ratios explicitly. The rates increase as the sizes of the ligands are getting smaller: 2 (with two PhO) < 4 (with single PhO and EtO) < 5 (with two EtO) < 6 (with two MeO), i.e., the relative rate ratios of 2, 4, 5, and 6 are 1:2.8:5.0:11. Therefore, it is clear that the steric effect is a major factor to determine the reactivities of P=S systems, as well as P=O systems.
1c,f,g
In the anilinolysis of 6, 1g the k H /k D values of the weaker nucleophiles (X = 3-Cl, 4-Cl, 3-MeO, and H) are less than unity, while those of the stronger nucleophiles (X = 4-MeO, 4-Me, and 3-Me) are larger than unity. In an S N 2 mechanism, the secondary inverse KIE (k H /k D < 1) is ascribed to the increment of the vibrational frequencies of N-H(D) in the TS II due to an increase in steric crowding in the bond-making process.
8 This implies that a backside nucleophilic attack is dominant for the weaker nucleophiles, while a frontside nucleophilic attack is dominant for the stronger nucleophiles. The backside nucleophilic attack for the weaker nucleophiles is possible because of the relatively small sizes of two MeO ligands.
1g
The small ΔH ≠ values and large negative ΔS ≠ values are characteristic of relatively late TS with a large degree of bond formation and breaking. 9 Since the Cl leaving group is a strong nucleofuge, a large degree of bond breaking will not require a lot of energy and a large degree of bond formation will provide partial bond energy in the TS, resulting in small positive ΔH ≠ values. The large negative ΔS ≠ values may result from a large degree of bond breaking and also steric hindrance in the bond formation of aniline.
Summary
The reactions of S-aryl phenyl phosphonochloridothioates with anilines and deuterated anilines are investigated kinetically in acetonitrile at 55.0 ºC. A negative cross-interaction constant (ρ XY = −0.31) and primary normal kinetic isotope effects (k H /k D = 1.15-1.59) are consistent with a concerted process with a partial frontside nucleophilic attack through a hydrogen-bonded, four-center-type TS accompanied by a backside nucleophilic attack with a trigonal bipyramidal pentacoordinate TS.
Experimental Section
Materials. GR grade phenyl thiophosphonic dichloride, anilines, thiophenols, triethylamine, and deuterium oxide (D 2 O; 99.9 atom% D) were used without further purification except anilines. Anilines were generally recrystallized or distilled for further purification before use. HPLC-grade MeCN (water content is less than 0.005%) were used without further purification for kinetics study. Product analysis. S-(4-Methylphenyl) phenylphosphonochloridothioate was treated with excess 4-methoxyaniline for more than 15 half-lives at 55.0 o C in acetonitrile. 4-methoxyaniline hydrochloride salt was separated as ether insoluble part by filtration. A reddish brown gummy product was isolated from ether soluble part by a work-up process with ether and water which was dried over anhydrous MgSO 4 and followed by the evaporation of the solvent under reduced pressure after filtration. The physical constants are as follows.
[(4-CH 3 -C 6 H 4 S)(C 6 H 5 )P(S)(NH-C 6 H 4 -4-OCH 3 ]: Reddish brown gummy substance; Kinetic measurements. The kinetic study was performed with a computer controlled conductivity bridge. All the reactions were carried out under pseudo-first-order conditions, using large excesses of nucleophiles: [Substrate] = 3 × 10 −3 M, [X-Aniline] = 0.5-0.9 M. At least five different aniline concentrations were employed and replicate values of k obsd were determined to obtain k H(D) , reproducible to within ± 3%.
